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ABSTRACT

Rubin, D.M. and McCulloch, D.S., 1980. Single and superimposed bedforms: a synthesis
of San Francisco Bay and flume observations. Sediment. Geol., 26: 207—231.

Tidal currents with maximum depth-averaged velocities ranging up to 250 cm/sec have
generated ripples, two- and three-dimensional sand waves, and upper flat beds on the
floor of central San Francisco Bay. Determination of the hydraulic conditions under
which the observed beds exist, indicates that the bed configuration at any point in the
bay is a function of the local velocity, sediment size, and depth. The bay observations, for
flows up to 85 m deep, were combined with shallow-flow observations and a single set of
bed-phase boundaries was determined for the combined data. Critical shear velocities
calculated for the transitions from ripples to sand waves and from sand waves to upper
flat beds, in flows tens of meters deep, are within 10% of critical shear velocities observed
for the same transitions in flume flows only tens of centimeters deep.

Comparison of bedform sequences suggests that, for flows up to tens of meters deep,
beds of 0.25—0.50 mm sand respond to increasing flow velocities by forming ripples, two-
dimensional sand waves, three-dimensional sand waves, and flat beds. At any constant
depth, equilibrium sand waves increase in height and migration rate as flow velocity
increases. The wavelength and maximum height of both two- and three-dimensional sand
waves increase with depth also, but migration rates decrease. Because the maximum size
of both kinds of bedforms varies with depth, classification schemes based on size arbi-
trarily separate genetically similar bedforms.

In the bay, in contrast to flumes, sand waves having the largest height-to-depth ratios
occur in relatively coarse sand. Tidal and seasonal velocity fluctuations are interpreted to
be more destructive to finer-grained sand waves, because in finer grain sizes sand waves
are stable at a relatively narrow range of velocities.

Ripples, sand waves, and upper and lower flat beds are commonly superimposed on
larger bedforms. Small bedforms can exist in equilibrium on the larger bedforms because
the large bedforms generate boundary layers in which the small bedforms are locally
stable. The distribution of small bedforms superimposed on larger bedforms reflects
lateral and vertical variations in shear velocity in flow over large bedforms.

INTRODUCTION
Purpose

During the past fifteen years, sedimentologists and engineers working with
flumes have become better able to define the hydrodynamic conditions
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under which specific bed phases are stable (Allen, 1963, 1968; Yalin, 1964;
Simons et al., 1965; Guy et al., 1966; Hill, 1966; Raudkivi, 1966; Znamens-
kaya, 1966; Harms, 1969; Hill et al., 1969; Kennedy, 1969; Southard, 1971,
1975; Vanoni, 1974). From experiments, these workers have determined
what bed phases are stable under specific combinations of depth, velocity,
and sediment size, but flow depths have generally been limited to 50 cm or
less. Boothroyd and Hubbard (1975) studied equilibrium bedforms and flow
conditions in flows up to about 3 m deep by making direct observations in
shallow estuaries in the northeast United States. Rubin and McCulloch
{(1976) extended bed-phase boundaries to depths of many tens of meters by
observing bedforms and flow conditions in deep (up to 85 m) tidal flows in
San Francisco Bay. Dalrymple et al. (1978) determined bed-phase bound-
aries for intermediate flow depths (3—14 m) in Bay of Fundy, Canada. The
purposes of the present paper are: (1) to present observations of bedforms
generated by tidal flows in central San Francisco Bay; (2) to combine those
observations with shallow-flow observations to determine the relations
between flow conditions, bed phase, and sand-wave height for a wide range
of depths; (3) to relate bed phase to shear velocity; and (4) to relate super-
imposed bedforms and their distribution to vertical and lateral variations in
shear velocity in flows over large bedforms.

Data sources

In flume bed-phase studies, depth, velocity, and grain size are regulated by
the experimenter. Although these parameters cannot be regulated in a large-
scale natural system like San Francisco Bay, they can be measured. The mea-
surements used in the present study were compiled from four sources. Bed
configuration (Fig. 1A) was mapped by side-scan sonar and precision depth
recording. Grain size (Fig. 1B) was analyzed by Paul Carlson (unpubl. U.S.
Geological Survey data). Depth was determined from a U.S. Coast and Geo-
detic Survey bathymetric chart (Fig. 1C) and from precision depth record-
ings. Current velocities (Fig. 1D) were measured with Roberts radio current
meters by the U.S. Coast and Geodetic Survey during the 1950’s.

Procedure

The bottom of the central bay was surveyed during two cruises (Fig. 2).
The first, conducted when tides had the mean tidal range and tidal currents
had mean maximum velocities, was a general survey of bedform distribution.
During the second cruise, selected sand-wave fields were repeatedly surveyed
throughout complete tide cycles when currents had velocities approaching
the highest of the year.

A side-scanning-sonar system was used to obtain a three-dimensional view
of the bottom for a distance of about 100 m to each side of the ship’s track.
Topography directly beneath the ship was recorded with a precision depth



209

o /' m—"Flat beds, bedrock Bedforms, |-3
?‘_\ : and boulders meters in height
> Bedforms less Bedforms greater
z than | meter in than 3 meters in
height height A

Fig. 1A. Central San Francisco Bay bed configurations. Numbers 3—6 indicate locations
of bedforms shown in Figs. 3—6.

recorder, which could measure bedform height with an accuracy of about 25
cm. The ship’s position was recorded continuously with an electronic dual-
transponder navigation system with an accuracy of about 15 m.
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Fig. 1C. Central San Francisco Bay bathymetry. Numbers indicate locations where bed-
forms and flow conditions were used in bed-phase plots (Figs. 8 and 10). Bathymetry
data from U.S. Coast and Geodetic Survey.
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Fig. 2. Track lines. Light lines were run once, during average tides. Heavy lines were run
repeatedly during spring tides.
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OBSERVATIONS
Dunes and sand waves

Dunes and sand waves (transverse bedforms greater than 5 cm in height)
cover approximately half of the area surveyed in the central bay (Fig. 1A).
In plan view, they are straight-crested (Figs. 3 and 4), sinuous, catenary, or
lunate (Fig. 5). In cross-section, they are triangular (Fig. 3) or convex up-
stream (Fig. 5). Their heights range from less than 20 cm to more than 8 m.
For reasons discussed below, this class of large-scale bedforms has not been
subdivided, and the terms dunes and sand waves are used interchangeably.

‘Flat’ beds

Beds that appear flat are the second most abundant bottom type observed
in the central bay. The theoretical resolution of the side-scan system is
approximately 10 cm, and the smallest sand waves visible on the side-scan
records are 10—20 c¢m high. Beds with bedforms less than 10 c¢m high, smali
sand waves and all current ripples, would therefore be expected to appear
flat.

Although rippled beds are indistinguishable from true flat beds on the
side-scan records of the central bay, bed phase can be inferred from depth,
velocity, and sediment size. In general, flat-appearing beds in the Golden
Gate area are inferred to be upper-flow-regime flat beds because of the high
flow velocities; rippled beds probably predominate in other ‘flat-bed’ areas.

Fig. 3. Side-scan record of straight-crested sand waves. Height is 0.5 m; wavelength is
5—10 m; depth is 20 m; transport from left to right. Location is shown in Fig. 1A.

Fig. 4. Side-scan record of sand waves with reversed crests. Dominant transport is left to
right. Sand waves show the effects of right-to-left flow. Maximum height is 5 m; depth is
40 m.
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Fig. 5. Side-scan record of three-dimensional sand waves. Maximum height 3 m; water
depth 30 m.

Fig. 6. Side-scan record of comet marks. Dark areas are gravel or boulders, light areas are
sand; transport from top to bottom.

Bedrock and boulders

Bedrock and boulders occur mostly in the Golden Gate area where fast
currents keep the bed swept clear of sand. In some areas, the boulders are
numerous enough to form a boulder pavement. In other areas, boulders and
bedrock locally protrude through a sand veneer. Turbulence developed at
these protuberances downmixes fast moving water and scours the sand
veneer to produce rock or boulder-floored sharp pointed depressions (Fig. 6)
called comet marks (Werner and Newton, 1975).

DISCUSSION
Bedform equilibrium with tidal flows

In flume experiments designed to produce equilibrium bedforms, flow is
regulated until bedforms and flow do not change with time. Hence, observed
bedforms are in equilibrium with observed flows. In order to study bedform
equilibrium in unsteady natural flows, and to be able to relate observations
in natural flows to observations in flumes, sedimentologists have attempted
to characterize, by a single velocity, the range of flow velocities in which a
specific bed developed in nature. This characterization is a very complicated
problem because bedforms respond at different rates, depending both on the
rate of sediment transport and the amount of sediment contained in a bed-
form. In flows where the sediment transport rate is large and bedforms are
small, bedforms respond so rapidly that they reflect the flow conditions of
as little as a few minutes. In such cases, the bed-molding velocity of the flow
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can be approximated by the velocity at which the bedform is observed to be
active, a technique employed- for bedforms generated by tidal flows (Booth-
royd and Hubbard, 1975) and for ripples generated by waves (Dingler and
Inman, 1976). Where the volume of sediment contained in a bedform is
larger, or where the sediment transport rate is lower, bedforms respond more
slowly and may reflect the flow conditions of an entire tide cycle. In these
cases, the velocity during peak flow is commonly used to characterize the
bed-molding velocity because the sediment transport rate increases as a high
power of flow velocity. Consequently, the median and modal sediment
transport rates typically occur at velocities greater than 80—90% of the peak
flow velocity (Fig. 7).

However, many large sand waves exist at conditions under which weeks,
months, or even years of sediment transport are required to modify the bed
(Jones et al., 1965; G.P. Allen et al., 1969; J.R.L. Allen and Friend, 1976;
Bokuniewicz et al., 1977; Fig, 12, this paper). For these slowly responding
bedforms, the peak velocity observed during a randomly selected tide cycle
is not an accurate approximation of the bed-molding velocity, because the
peak velocity varies from day to day. To accurately characterize the bed-
molding velocity in such cases requires calculating the velocity at which the
median or modal sediment transport rate occurred during formation of a
given bed, and hence, requires knowledge of both the time to form the bed
and flow conditions throughout that time.
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Fig. 7. Histograms of flow duration and sediment transport as a function of flow velocity
for a single current meter station. Duration and transport are in percent. Transport was
calculated from rates of Colby (1964). A: 12 hours during an average tide; B: 28 days.
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For the slowly responding bedforms in the central bay, median and modal
transport rates predicted for neap—spring cycles from current-meter records
and Colby’s (1964) transport rates occur at velocities approximately equal to
peak velocities during tides having the mean tide range (Fig. 7). Therefore,
peak velocities during average tides (mean tide range +20%) were used to
characterize bed-molding velocities in the central bay.

At the locations shown in Fig. 1D, current velocities were measured at
two or three depths (near-surface, near-bottom, and mid-water column) by
the U.S. Coast and Geodetic Survey for durations of several days to several
weeks. Depth-averaged velocities during peak flow of average tides were cal-
culated by plotting velocity profiles on semilog paper and averaging the
velocities read from the plot at each tenth of the flow depth.

The velocity characterizations calculated following the procedures given
above, or following any other procedure, are subject to errors made in mea-
suring current velocities, errors made in estimating the time required to pro-
duce a given bed, and errors made by approximating the range of velocities
in which a bed developed by a single velocity. The combined effect of these
errors may be 20% or more, and better agreement between the results of this
study and previous studies can not be justified and may be somewhat
fortuitous.

Bed phase

Velocity—depth (constant grain size) relations. Southard (1971, 1975)
identified the flow conditions in which specific bedforms exist, by plotting
bed phase as a function of velocity and depth for flume flows up to about 50
cm deep. In Fig. 8, the San Francisco Bay bed-phase observations were com-
bined with those of Southard (1975), Boothroyd and Hubbard (1975), and
Dalrymple et al. (1978), and a single set of bed-phase boundaries was drawn
from the combined data. The figure shows that within limited grain-size
ranges: (1) as depth increases, each bed phase occurs at increasing velocities,
and (2) that increasing the velocity produces the same sequence of bed
phases as decreasing the depth. It should also be noted that either increasing
the velocity or decreasing the depth produces an increase in the shear veloc-
ity, a measure of the slope of the velocity profile. For rough turbulent flow
where the velocity profile is logarithmic:

U, =U/5.751og 0.37d/k (1)

where U, is the shear velocity, U is the depth-averaged flow velocity, d is the
mean flow depth, and % is a measure of the roughness of the bed (Keulegan,
1938, expressed in terms of the depth-averaged velocity). The parallel
behavior of bed phase and shear velocity is not coincidental. As shown
below, transitions between bed phases, like the initiation of grain movement,
appear to occur at critical values of the shear velocity.
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Fig. 8. Semi-log plots of bed phase as a function of depth and velocity for two sediment-

size ranges. Triangles and open circles represent San Erancisco Bay sand-wave fields and

flat-appearing beds, respectively; squares are points on bed-phase boundaries in Fig. 10.
Solid circles are points measured or interpolated from bed-phase boundaries determined

by Southard (1975, figs. 2-2, 2-3, and 2-5). Crosses and circled dots are points on bed-
phase boundaries determined by Boothyroyd and Hubbard (1975) and Dalrymple et
al. (1978), respectively. Flume velocities are depth-averaged for steady flows; bay veloc-

ities are depth-averaged for peak flow during average tides.

Flume studies by Hill et al. (1969), Vanoni (1974), and the flume data
collected by Guy et al. (1966) show that the boundaries between the ripple,
dune, and upper flat-bed phases occur at critical values of the shear velocity.
The values of the critical shear velocities vary with sediment size, but do not
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vary detectibly with depth, for the small range of depths attainable in
flumes. Calculations based on the San Francisco Bay data suggest that the
critical values of the shear velocity remain constant to depths of tens of
meters.

The critical values of the shear velocity for the deeper flows were deter-
mined using eq. 1 to calculate the maximum shear velocity of flows in equi-
librium with ripples and to calculate the minimum shear velocity of flows in
equilibrium with upper flat beds. Depth and velocity values used to calculate
these critical shear velocities were obtained from coordinates of points on
bed-phase boundaries plotted in Fig. 8. The roughness value used in each
calculation was the mean roughness, calculated using eq. 1, of all beds with
the same sediment size and bed type (ripples or flat bed) in the flume flows
of Guy et al. (1966, tables 2 and 5). However, the roughness of each bed
type, shown in Table I and Fig. 9, varies so little, that, with the exception of
one anomalous flat-bed roughness, choosing any of the flume roughness
values for the appropriate bed type changes the calculated shear velocity by
less than 5%, because of the logarithmic form of eq. 1. Eq. 1 is so insensitive
to roughness, that, for a depth of 30 m, changing roughness by a factor of 5
produces a change of less than 20% in calculated shear velocities.

The critical shear velocities calculated using eq. 1, the roughness values
used in those calculations, and values for the same critical shear velocities
determined by other studies are shown in Table I. The good agreement
between the values observed in shallow flows and the values calculated for
the deeper flows suggests that the critical shear velocities listed in Table I are
constant for flows ranging in depth from tens of centimeters to tens of
meters.

As Southard (1975) noted, the transition from sand waves to upper flat
beds is accompanied by a decrease in shear velocity caused by a decrease in

TABLE 1

Comparison of calculated and observed critical shear velocities for bed-phase changes

Sediment Bed-phase k used Critical shear velocities, U*cr (cm/sec)
size change to cal-
(mm) culate U, 1 2 3 4
(cm) calculated observed observed observed
0.2 ripples—dunes 0.1 3.9 3.6 4.2 4.4
0.2 flat beds—dunes 0.002 4.6 3.9 5.1 —
0.5 ripples—dunes 0.1 3.1 3.2 3.5 3.4
0.5 flat beds—dunes  0.008 5.9 6.9 6.1 —

! Uyer is maximum predicted equilibrium ripple shear velocity or minimum upper flat-
bed shear velocity; ? Hill et al. (1969); U,., is minimum upper flat-bed shear velocity;
3 Guy et al. (1966); maximum observed ripple shear velocity; * Vanoni (1974, fig. 7);
U ¢y is mean shear velocity at ripple-dune phase change.
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Fig. 9. Log-log plot of bed roughness, k, as a function of bedform height and wavelength
for all ripple, dune, and transition flows over 0.45-mm sand beds in Guy et al. (1968,
table 5). For a given bedform height, roughness decreases as wavelength increases.

bed roughness. At depths of several tens of centimeters, maximum sand-wave
shear velocities are approximately 7 cm/sec for 0.19 mm sand and 9 cm/sec
for 0.45 mm sand (Guy et al., 1966, tables 2 and 5). Maximum sand-wave
shear velocities in deeper flows can be calculated using eq. 1, which states
that the shear velocity of a flow is proportional to the mean velocity and
inversely proportional to the log of the relative roughness, 0.37 d/k, of the
flow. Increasing the flow depth from 20 cm to 30 m increases by a factor of
2 the velocities at which sand waves are stable (Fig. 8), but the log of the
relative roughness can be expected to remain relatively constant. As a result,
the upper limit of equilibrium sand-wave shear velocities in 30 m deep flows
can be expected to be approximately twice that of 20 cm deep flows. Thus,
maximum ripple shear velocities and minimum upper flat-bed shear velocities
do not appear to vary with depth, but maximum sand-wave shear velocities
do vary because maximum sand-wave size increases with flow depth.

Because the slope of a logarithmic velocity profile is equal to (5.75 U, )™}
and the y-intercept equal to the log of the bed roughness, all logarithmic
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flows having the same shear velocity and roughness have identical velocities
at all heights above the bed, regardless of total flow depth. Thus, as related
to bed-form genesis, the physical importance of the shear velocity may be
the velocity profile slope that it defines.

Velocity—size (constant depth) relations. The effect of sediment size on bed
phase can be illustrated if bed configuration is plotted as a function of sedi-
ment size and velocity. The velocity—size plot for bedforms in San Francisco
Bay, where the flow depths are tens of meters (Fig. 10), shows the same
trends as similar plots based on observations in flumes only tens of centime-
ters deep (Southard, 1975). At both depths, plots show a sand-wave and
dune phase, which at higher velocities passes into an upper flat-bed phase. At
lower velocities and finer grain sizes flume beds are rippled. Beds in the cor-
responding area of the plot based on bay data are inferred to be rippled,
although they appear flat on the side-scan-sonar records, because the sonar
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Erratum

Rubin, D.M. and McCulloch, D.S., 1980. Single and superimposed bedforms: a synthesis
of San Francisco Bay and flume observations. Sediment. Geol., 26: 207—231.

The authors submitted the wrong Fig. 10. The following correct figure is based on the
methods discussed in the text and on the data given in Figs. 1A—1D and listed in the
Appendix.
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sytem used to survey the bay was unable to detect ripples or other bedforms
less than about 10 cm high. In deep water, each bed phase occurs at higher
velocity than in shallow flows, because in the deeper flows, a higher depth-
averaged velocity is required to produce the same shear velocity over any
given bed.

Sand-wave height

Depth. Equilibrium sand-wave height, like bed phase, is determined largely
by depth, velocity, and sediment size. Of these parameters, depth is the best
documented control of sand-wave height. Field, analytical, and flume studies
have shown that at depths greater than several tens of centimeters the mean
height of relatively straight-crested sand waves in a train is generally less than
or equal to approximately 1/6 of the mean flow depth (Allen, 1963; Yalin,
1964; Stein, 1965). Similarly, in San Francisco Bay the greatest height/depth
ratio is 1/6. Although the flow depth is an important limit of sand-wave
height, it is not the sole control. As will be discussed below, velocity and
sediment size also control sand-wave height, and sand waves need not be as
high as 1/6 of the flow depth if the velocity and sediment size are not opti-
mum. More typically, velocity and grain size are less than optimum in San
Francisco Bay, and height/depth ratios are generally 1/10 to 1/50. Similarly,
Bokuniewicz et al. (1977) observed height/depth ratios ranging from approx-
imately 1/5 to less than 1/100.

Velocity. Yalin (1964) predicted mathematically and demonstrated experi-
mentally that the height/depth ratio, H/d, of sand waves is proportional to
the dimensionless excess tractive force:

H/d = 1/6[(10 — 7er)/70] (2)

where 7, is the shear stress on the bed and 7., is the critical shear stress for
the initiation of grain movement (Yalin, 1964, egs. 7 and 13 combined).
Increasing the flow velocity. over a sand wave field will increase the shear
stress on the bed, 7o, and produce larger sand waves. Qualitatively, the same
relationship has been observed by Stein (1965), Znamenskaya (1966),
J.R.L. Allen (1968, fig. 4.7), G.P. Allen et al. (1969), Coleman (1969), Pratt
and Smith (1972), Jackson (1975), and is suggested by McCave’s (1971)
modified version of Kennedy’s (1969) equation of sand-wave height:

LB OO0, 2 )
where L is sand-wave wavelength, n is a constant, U, is the critical mean
velocity for the initiation of grain movement, and B is the ratio of the rate of
transport of sediment composing the bedform to the total sediment trans-
port rate. Eq. 3 is compatible with the interpretation that an increase in
velocity produces an increase in sand-wave height, until the suspended-sedi-
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ment transport rate becomes large with respect to the bedload transport rate
(B decreases) causing sand-wave height to decrease. As velocity continues to
increase, sand-wave height eventually decreases to zero, and the sand-wave
phase is replaced by the upper flat-bed phase.

The height of sand waves in San Francisco Bay also appears to be a func-
tion of velocity. Although the current-velocity stations are too widely spaced
to measure velocity changes across single sand-wave trains, sand waves with
large height/depth ratios generally occur at higher velocities within the sand-
wave phase (Fig. 10).

Sediment size. In San Francisco Bay, the largest height/depth ratios are
restricted to relatively coarse-grained sand waves. Bay sand waves with
height/depth ratios greater than 1/10 are common in sediments with median
grain diameters greater than 0.5 mm but rare in finer sediment.

McCave (1971), studying bedforms in the North Sea, also observed that
sand-wave height decreased with sediment size. He attributed the decrease in
height to an increase in the rate of suspended-sediment transport (a decrease
in B in eq. 3). Similarly, Dalrymple et al. (1978) observed that in the Bay of
Fundy the largest bedforms occur in sand coarser than 0.3 mm. However, in
the flume data collected by Guy et al. (1966), and in a plot of flume data by
Znamenskaya (1966), maximum sand-wave height does not appear to
increase with sediment size. This difference between the field and flume ob-
servations may be the result of the greater unsteadiness of tidal flows. The
velocity fluctuations which occur in a tidal flow could be expected to be
more destructive to a fine-grained sand wave than to a coarse-grained sand
wave, because as grain size decreases, the range of velocities at which sand
waves are stable narrows (Fig. 10). Thus, the relation between sand-wave
height and sediment size observed in natural flows may be a result of large-
scale velocity fluctuations not present in flume flows.

A three-dimensional plot of bed phase and sand-wave height is shown in
Fig. 11. The plot is generalized from the bay and flume data cited above, and
all trends illustrated have been observed by more than one experimenter. As
in all bed-phase plots, the data are subject to scatter caused by variations in
parameters that were not considered in the plot. For example, two flows
with identical depths and depth-averaged velocities can exert different shear
stresses on the bed, because the flows can have different water temperatures,
deviations from logarithmic velocity profiles, or different concentrations of
suspended sediment. Similarly, two sediments with the same median grain
diameter but different sorting, skewness, density, or shape may form dif-
ferent bed configurations in flows with the same mean depth and velocity.

Equilibrium superimposed bedforms

Superimposed bedforms are common in both flume and natural flows. In
some cases, superimposed bedforms develop in response to temporal flow
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Fig. 11. Three-dimensional plot of bed phase and sand-wave height as a function of
velocity, sediment size, and depth, generalized from bay data and flume data cited in
text.

changes (Allen, 1978). In other cases, however, two or more scales of bed-
forms exist in equilibrium with a single steady flow (Guy et al., 1966; Harms
et al., 1974; Boothroyd and-Hubbard, 1975; Dalrymple et al., 1978). Small
bedforms superimposed on larger ones are not merely a curiosity. They
appear to be the rule rather than the exception, and as discussed below,
they provide information about local flow conditions in the flow over large
bedforms.

If, as suggested, each bed phase exists at a limited range of shear velocities,
then a flow in equilibrium with more than one bed phase should be
expected to have more than one shear velocity. And indeed, detailed velocity
measurements by Smith and McLean (1977) over superimposed bedforms
show vertical variations in shear velocity. By considering bedform equilib-
rium, one could predict that where ripples are superimposed on sand waves,
the flow within a distance of several ripple heights from the bed would have
a velocity profile with a slope that defines a shear velocity within the ripple
range. The overlying flow, within several sand-wave heights of the bed, could
be expected to have velocity profile with a slope that defines a shear velocity
within the sand-wave range. The velocity profiles measured by Smith and
McLean (1977) over as many as three orders of superimposed bedforms
(ripples on small sand waves on larger sand waves) support this hypothesis.
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In each of the 18 cases where they observed ripples or sand waves, the bed-
forms were contained in a flow layer having a thickness of several bedform
heights. In 16 of the 18 cases, the shear velocities of the flow layers were
within 10% of the ranges predicted from Table I for the observed bedforms
and sediment size.

Shear velocity can vary with height above the bed because what might be
thought of as an effective hydraulic roughness varies with height above the
bed. Away from the bed, the roughness is that associated with large bed-
forms. Approaching the bed, the surface of a large bedform approximates a
flat bed, and the roughness decreases to that associated with smaller superim-
posed bedforms or individual grains. This decrease in roughness in the vicinity
of the bed decreases the intercept of the velocity profile, which in turn
increases the slope of the velocity profile, and produces a decrease in the
shear velocity near the bed. At these lower shear-velocity conditions near the
bed, ripples, sand waves, or flat beds can exist on larger bedforms. In effect,
large bedforms generate boundary layers in which smaller bedforms can
exist.

The shear velocity in the flow near a bed varies across the surface of a
large bedform from a minimum near the trough to a maximum near the
crest. This variation has been measured in flumes (Raudkivi, 1966) and in
natural flows (McLean, 1976). The effect of this variation on the distribu-
tion of superimposed bedforms has been observed by Guy et al. (1966),
McCave (1971), and Harms et al. (1974). Guy et al. (1966) observed that in
flows with shear velocities low in the sand-wave range, ripples covered sand-
wave stoss slopes. At shear velocities that are higher in the sand-wave range,
upper flat-beds formed at sand-wave crests and ripples were restricted to
lower shear-velocity flow in the troughs. Similarly, Harms et al. (1974) ob-
served a trough-to-crest sequence of algae-stabilized flat beds to ripples to
small sand waves, superimposed on larger sand waves, and McCave (1971, fig.
5D) observed a trough-to-crest increase in size of superimposed bedforms.
Thus, the supposition that bed phase is a function of shear velocity is quanti-
tatively supported by Smith and McLean’s (1977) observations of vertical
variations in shear velocity over superimposed bedforms and qualitatively
supported by observed trough-to-crest variations in shear velocity and super-
imposed bedforms.

Sediment transport rates

Because both the rate of sediment transport and bed phase are functions
of velocity, depth, and sediment size, they can be directly compared. In
Fig. 12, empirically determined and extrapolated sediment transport rates
from Colby (1964) are superimposed on bed-phase plots. These plots give an
estimate of the rate of sediment transport for flows in equilibrium with spec-
ified beds. According to Colby (1964), approximately three fourths of pre-
dicted transport rates are within a factor of 2 of observed rates. Poorest
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Fig. 12. Semi-log plot of bed phase and sediment transport rate (dashed lines) as func-
tions of depth and velocity. Transport rates, in kg/m - sec, are from Colby (1964).

agreement is for shallow depths, low velocities, and rates measured in flumes.
Predicted transport rates for flows deeper than approximately 3 m are

largely extrapolated, and Colby did not specify the accuracy of those rates.
For any constant depth and sediment size, the sediment transport rate

increases with flow velocity. As discussed above, dune height also increases
with flow velocity. Consequently, at any one depth, big dunes are generated
by flows having high sediment transport rates. As a result, where dunes are
in equilibrium with flows having the same depth, big dunes migrate faster
than small dunes. This trend is the opposite of what would be predicted if
the dependence of dune height on flow velocity was overlooked. The
increase in migration rate as a function of increasing dune height is very
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clearly illustrated in the flume data of Guy, Simons, and Richardson (1966).
In flows that are transitional with upper flat beds, however, this trend
reverses, because dune height decreases as flow velocity and the rate of sedi-
ment transport increase.

Where depth is not constant, the relation of dune height to migration
speed is more complex. The maximum height of dunes in 100-m-deep flows
is approximately three orders of magnitude larger than the maximum height
in 0.1-m-deep flows, but the sediment transport rate in the deeper flows is
only one or two orders of magnitude larger than in shallow flows. Thus,
where equilibrium dune height increases because of a depth increase, dune
migration speed decreases.

Bedform terminology

Some sedimentologists have subdivided the group of large-scale bedforms
that form in 0.3—0.5 mm sand into various classes of megaripples, dunes,
and sand waves on the basis of size (Coleman, 1969; Boothroyd and Hub-
bard, 1975), morphology (Znamenskaya, 1963; Allen, 1968; Hine, 1975;
Southard, 1975), or both (Dalrymple et al., 1978). These authors have
demonstrated that as the flow over a bed increases in velocity or decreases in
depth, the crests of large-scale bedforms become sinuous in plan view, and
scour pits develop in bedform troughs (in Allen’s terminology the bedforms
become three-dimensional).

The relatively straight-crested, two-dimensional bedforms that, for a given
depth, form at flow velocities higher than ripples, but less than taller three-
dimensional bedforms, have been called flat dunes (Znamenskaya, 1963),
flattened dunes (Pratt and Smith, 1972), linear megaripples (Boothroyd and
Hubbard, 1975; Hine, 1975), bars (Costello, 1974), type-l1 megagripples
(Dalrymple et al., 1978), and two-dimensional dunes (Southard and Costello,
in preparation). The terminology is complicated not merely because dif-
ferent names are used for what appear to be the same kind of bedform, but
because size has been used to distinguish bedform classes, and the maximum
height and wavelength of both two- and three-dimensional bedforms increase
with the scale of the flow. For example, bedforms belonging to the class
called flat dunes, etc., increase in height from 1 to 2 cm in flows 8 c¢cm
deep (Pratt and Smith, 1972), to heights of 5—20 c¢m in flows approximately
1 m deep (Hine, 1975), to heights of 5—50 cm in flows on the order of 6 m
deep (Dalrymple et al., 1978) to heights of 2 m in San Francisco Bay flows
20 m deep. Maximum wavelength also increases with flow depth.

Similarly, the maximum height of three-dimensional bedforms increases
from 20 cm high dunes in flume flows up to 50 cm deep (Southard, 1975),
to 70 cm high type-II megaripples in Bay of Fundy flows on the order of
6 m deep (Dalrymple et al., 1978), to 2—3 m high bedforms in flows 10—30
m deep in San Francisco Bay (Fig. 5), in the Brahmaputra River (Coleman,
1969, fig. 25B), and in Willapa Bay (Phillips, 1979). These observations sug-
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gest that large bedforms produced by deep natural flows are the same kinds
of bedforms as those produced in shallow flume and natural flows. Until
future observations demonstrate that large dunes and small dunes with
similar crest shapes and sediment sizes are different populations of bedforms
and are generated by different mechanisms, then the classification of dunes
by size is likely to result in artificial separation of genetically related beforms.
Height/wavelength ratios have been used to demonstrate that bedforms
distinguished by less easily quantifiable characteristics, such as degree of
three-dimensionality, are actually different kinds of bedforms. In many
cases, however, height/wavelength ratios are not useful in identifying indi-
vidual bedforms because two or more kinds of bedforms can have the same
ratio. The more promising approach seems to be to classify bedforms by
morphological characteristics such as degree of three-dimensionality.

CONCLUSIONS

(1) Bed configuration in San Francisco Bay, as in flumes, is a function of
sediment size, velocity, and flow depth.

(2) Comparison of bedform sequences suggests that, for flows up to tens
of meters deeps, beds of 0.25—0.60 mm sand respond to increasing flow
velocities by forming ripples, two-dimensional sand waves, three-dimensional
sand waves, and flat beds. At any constant depth, the two-dimensional bed-
forms stable at low velocities tend to be smaller than the three-dimensional

APPENDIX
Observations
Location Median grain Depth Peak Bedform height
(from Fig. 1C) diameter (m) depth-averaged {(m)
(mm) velocity
(em/sec)
1 1.1 35 145 1.3
2 0.9 52 145 0.1
3 3.1 55 180 6
4 0.6 85 180 2
5 0.2 55 160 none
6 1.3 70 220 none
7 1.5 45 210 none
8 0.27 20 120 2
9 0.85 20 145 1.5
10 0.60 20 150 2
11 0.38 22 145 1.5
12 0.30 27 130 0.5
13 0.35 15 135 0.5
14 0.36 23 140 none




229

APPENDIX (continued)

Location Median grain Depth Peak Bedform height
(from Fig. 1C) diameter (m) depth-averaged (m)

(mm) velocity

(cm/sec)

15 0.28 34 145 0.3
16 0.11 11 140 none
17 0.29 24 125 0.5
18 0.31 26 120 0.5
19 0.30 37 125 0.4
20 0.20 45 135 1.2
21 0.36 22 130 1.2
22 0.34 16 125 0.5
23 0.29 19 100 0.4
24 0.37 30 90 0.6
25 0.47 31 90 1.2
26 0.16 8 90 none
27 0.08 7 85 none
28 0.07 7 85 none
29 0.22 7 70 none
30 0.75 22 130 4

bedforms stable at higher velocities, but the maximum height of both kinds
of bedforms increases with the scale of the flow.

(3) For depths from tens of centimeters to tens of meters, maximum shear
velocities of flows in equilibrium with ripples and minimum shear velocities
of flows in equilibrium with upper flat beds appear to be constant for a given
sediment size. Maximum sand-wave shear velocities increase with flow depth.

(4) Large bedforms generate boundary layers in which ripples, dunes, and/
or flat beds exist.

(5) Velocity measurements used to characterize the flow that generated an
observed bed must be made on spatial and temporal scales of the flow that
generated the bedform.
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